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Abstract
The conventional assessment of preterm somatosensory functions using averaged cortical 
responses to electrical stimulation ignores the characteristic components of preterm somatosensory 
evoked responses (SERs). Our study aimed to systematically evaluate the occurrence and 
development of SERs after tactile stimulus in preterm infants. We analysed SERs performed 
during 45 electroencephalograms (EEGs) from 29 infants at the mean post-menstrual age of 30.7 
weeks. Altogether 2,087 SERs were identified visually at single trial level from unfiltered signals 
capturing also their slowest components. We observed salient SERs with a high amplitude slow 
component at a high success rate after hand (95%) and foot (83%) stimuli. There was a clear 
developmental change in both the slow wave and the higher frequency components of the SERs. 
Infants with intraventricular haemorrhage (IVH; eleven infants) had initially normal SERs, but 
those with bilateral IVH later showed a developmental decrease in the ipsilateral SER occurrence 
after 30 weeks of post-menstrual age. Our study shows that tactile stimulus applied at bedside 
elicits salient SERs with a large slow component and an overriding fast oscillation, which are 
specific to the preterm period. Prior experimental research indicates that such SERs allow studying 
both subplate and cortical functions. Our present findings further suggest that they might offer a 
window to the emergence of neurodevelopmental sequalae after major structural brain lesions and, 
hence, an additional tool for both research and clinical neurophysiological evaluation of infants 
before term age.
Introduction
Prematurity remains a significant risk factor for neurodevelopmental sequelae (Saigal & Doyle, 
2008; Mwaniki et al., 2012; Johnson & Marlow, 2017), and improving early neurological 
assessment of infants with brain injury remains a key challenge in the development of early 
interventional strategies (Marlow et al., 2005; Pisani & Spagnoli, 2016). There is a particular lack 
of bedside methods that would allow non-invasive and minimally disturbing, yet clinically robust 
assessment of early brain function in the neonatal intensive care unit (NICU) environment.
Prior studies on term newborns have shown that somatosensory evoked potentials (SEPs) offer an 
objective bedside measure with high predictive accuracy after birth asphyxia (Willis et al., 1987; 
Majnemer & Rosenblatt, 1996; Scalais et al., 1998; Suppiej et al., 2010; Swarte et al., 2012; 
Kontio et al., 2013; Nevalainen et al., 2017; Nevalainen et al., 2018; Suppiej et al., 2018). The 
SEPs are conventionally generated by rapidly repeated electrical or tactile stimulation (Hrbek et A
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al., 1973; Willis et al., 1984; Laureau & Marlot, 1990; Karniski et al., 1992; Taylor et al., 1996; 
Pike & Marlow, 2000; Smit et al., 2000; Pihko et al., 2004; Nevalainen et al., 2008), and the 
cortical responses are typically assessed from the first component of an averaged EEG waveform 
(a.k.a. N1 in neonates) (Desmedt et al., 1976; Willis et al., 1984; Pike et al., 1997; Tombini et al., 
2009). However, prior studies on preterm infants have shown that such conventional SEPs have 
much less information value in this patient group (Ekert et al., 1997; Pike & Marlow, 2000; 
Nevalainen et al., 2015). Furthermore, their reliable recording from a preterm infant is technically 
very challenging in the neonatal intensive care unit environment (Hrbek et al., 1973; Taylor et al., 
1996; Smit et al., 2000; Vanhatalo & Lauronen, 2006). 
Studies on both animal (Khazipov et al., 2004; Hanganu et al., 2006; Minlebaev et al., 2007; 
Colonnese et al., 2010) and human infants (Hrbek et al., 1973; Milh et al., 2007; Vanhatalo et al., 
2009) have shown how cortical reaction to sensory stimulation (somatosensory evoked 
reaction/response, SER) in a preterm brain is substantially different from that of a term infant or 
an older child. The earliest cortical reactions to sensory stimulation are very large, they take place 
in the subplate and deeper cortical layers (Wess et al., 2017; Luhmann & Khazipov, 2018), and 
they can be readily observed at individual response level in the human neonate (Hrbek et al., 1973; 
Milh et al., 2007; Vanhatalo et al., 2009). During the preterm period corresponding to the last 
trimester of pregnancy, these responses will gradually relocate into cortex proper, diminish in size, 
and eventually become so small that averaging techniques are needed for their detection (Hrbek et 
al., 1973).
Given the need for objective bedside assessment methods and the now widely available EEG brain 
monitoring in the neonatal intensive care units, it is intriguing that the salient cortical SERs in the 
preterm infants have drawn so little attention. As the preterm SERs are readily detectable at a 
single trial level using conventional EEG monitoring (Vanhatalo et al., 2009), they could even be 
assessed daily at bedside, and with respect to the evolution of known pathologies, such as IVH, the 
main risk factor for neurodevelopmental disorders in preterm infants (Sherlock et al., 2005; Patra 
et al., 2006; Bolisetty et al., 2014; Kidokoro et al., 2014; Twilhaar et al., 2018). Prior studies have 
shown that IVH may affect spontaneous neuronal network activity (Omidvarnia et al., 2015) as 
well as subtle properties of spontaneous cortical activity bursts (Cukier et al., 1972; Blume & 
Dreyfus-Brisac, 1982; Watanabe et al., 1983; Okumura et al., 2002; Iyer et al., 2015), suggesting A
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that functional assessment of cortical circuitry is relevant to further elaborate the impact of 
structural lesions.
The aim of this study was to systematically characterize the properties of SERs in a cohort of 
preterm infants. In particular, we wanted to assess the evolution of SERs during prematurity, as 
well as possible IVH-related changes in preterm SERs.
 Materials and Methods
Participants
The study group consisted of 29 infants (45 EEG+SER recordings) with a mean post-menstrual 
age of 30.7 weeks at the time of the EEG and SER recording. The infants were born at a mean 
gestational age (GA) of 26.3 weeks (23.4-27.9 weeks) and were treated at the neonatal intensive 
care unit at the Helsinki University Hospital between 2006 and 2008. The EEG and SER data were 
collected as a part of a larger research project on early brain development and methods 
development. Other data from this same cohort have been published previously (e.g. Nevalainen et 
al., 2008; Vanhatalo et al., 2008; Rahkonen et al., 2013; Omidvarnia et al., 2014; Nevalainen et 
al., 2015; Omidvarnia et al., 2015; Tokariev et al., 2016b; Tokariev et al., 2018). Apart from IVH 
in eleven infants, the infants were not diagnosed with other brain abnormalities and neither did 
they receive drug treatments known to affect the SERs studied in this paper.
The study was approved by the Ethics Committee of the Hospital for Children and Adolescents, 
Helsinki University Hospital, and a written informed consent was obtained from the parents.
Sixteen infants underwent two recordings: first at post-menstrual age of 27-31 weeks, followed by 
the second recording at post-menstrual age of 30-35 weeks. The other infants had only one 
recording at post-menstrual age 28-30 weeks (two infants) or at post-menstrual age of 30-35 
weeks (eleven infants).
Eleven infants (17 recordings) were diagnosed with either a unilateral (five infants, IVH grades 1-
3) or a bilateral (six infants, IVH grades 2-4 (Papile et al., 1978)) IVH on average 3.3 days after 
birth. These infants were recorded on average at post-menstrual age of 30.84 weeks (28.0-34.1 
weeks), or 5.2 weeks after birth. The delay between IVH diagnosis and EEG+SER recording was 
4.7 weeks on average, hence being beyond the acute phase of cortical reaction to IVH (Hayakawa 
et al., 1997; Okumura et al., 2002). A
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EEG and SER recording
The EEG and SERs were recorded using a NicOne EEG system (Cardinal Healthcare/Natus, USA) 
and EEG caps with 21 embedded sintered Ag/AgCl electrodes (Waveguard, ANT-Neuro, 
Germany) placed according to the international 10-20 standard, as described earlier (e.g. 
Vanhatalo et al., 2008; Omidvarnia et al., 2014; Nevalainen et al., 2015). Sampling frequency was 
250 Hz and the recordings were done using a nominal recording bandwidth of 0.016-70 Hz, which 
was defined by the AC coupling of the amplifier (supposedly 10 s) as well as sampling frequency. 
In addition, disposable Ag/AgCl electrodes (Ambu Blue Sensor, Denmark) were used to record 
electrocardiogram (ECG) and electromyogram (EMG), and respiration was recorded with a chest 
belt. For a more detailed description of this multichannel newborn EEG recording, see e.g. 
Vanhatalo et al. (2008), Stjerna et al. (2012), and http://www.helsinki.fi/science/eeg/videos/nemo/.
Tactile stimulation
The tactile stimuli were applied  manually during the EEG recording when the infants were in 
quiet sleep to be able to apply stimulation during the relative cortical quiescence present during 
trace alternant/discontinue activity (for a video recording of the procedure, see Stjerna et al. 
(2012). The infant’s palm (right hand (RH), left hand (LH)) or sole of the foot (right foot (RF), left 
foot (LF)) was repeatedly touched gently using a brush or fingertip, and the timing was recorded 
in the EEG device using an analog trigger mark based on light or piezoelectric sensor (Vanhatalo 
et al., 2009; Stjerna et al., 2012). The interstimulus interval varied as the experimenter followed 
the EEG activity and attempted to give the stimuli preferentially during the low amplitude phase 
(a.k.a. interburst / inter-spontaneous activity transient (SAT) periods) of quiet sleep. Varying 
delays between tactile stimulation and the previous spontaneous cortical burst / spontaneous 
activity transient allowed assessment of refractoriness. To avoid movement, we often used gentle 
limb fixation by pressing the sleeve against the mattress. A minimum of three successful responses 
were analysed from each limb. We defined the response as being absent if more than five stimuli 
were delivered >3 s after the latest spontaneous EEG burst, but not a visually detectable EEG 
responses were seen. With these criteria, all babies showed responses, but because of the complex 
relationship between spontaneous and evoked activities (Vanhatalo & Kaila, 2010), we chose not 
to quantify this in more detail.
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Visual analysis of the SERs
First, we analysed the signals visually using NicoletOne EEG Reader v5.94.1 (Natus Medical Inc, 
USA) in Laplacian montage with low-pass filtering at 70 Hz and notch filter at 50 Hz. We used no 
additional high-pass filtering to allow inspection of the full waveform (see also Vanhatalo et al. 
(2009). Only trials with visually detectable responses were selected for further manual analysis. 
Our careful inspection of synchronized video and analog trigger signals indicated some technical 
jitter between the trigger signal and the timing of actual stimulus (touch) on the newborn. Hence, 
we decided not to measure the exact response latencies at millisecond level accuracy, and instead 
we focused on characterizing the response waveform in more detail (amplitude, duration, and 
topology).
We measured manually the length and maximum amplitude of the contralateral (cSER) and 
ipsilateral SER (iSER) after hand stimulus as well as the SER after foot stimulus as presented in 
Figure 1B. We selected the channel with the largest SER amplitude for further analysis in cases 
where the response was present in more than one channel. In addition, we manually measured the 
peak of tactile-stimulation related power increase of 8-20 Hz oscillations during the first second 
poststimulus using the spectral analysis tool in NicoletOne EEG Reader. For this analysis we 
included 38 EEG recordings (19 infants), including 14 EEGs from infants with unilateral or 
bilateral IVH (eight infants). The remaining seven recordings were excluded due to technical 
issues (e.g. data format) unrelated to patient’s clinical course. 
We decided to use median values rather than average as the summary metric, because it is less 
sensitive to outliers that are frequent in smaller physiological datasets of this kind. 
We analysed cSERs and iSER separately in those trials where the response was bilateral. First, we 
wanted to assess relative latencies, or possibly systematic delay between the beginning of the 
cSER and iSER responses. This assessment was done from recordings from five infants with 
repeated EEGs (i.e. ten EEGs), bilaterally present responses, and without IVH. We measured the 
visually observed difference between SERs in contra- and ipsilateral hemisphere, including both 
the onset of the slow wave as well as the onset of the oscillatory components. These measures 
were taken from contra- and ipsilateral C- and T-channels as well as the channel with maximum 
amplitude response. We only included trials (n = 144) where the beginning of response was 
visually clear in both ipsilateral and the contralateral channel; a high-pass filter at 5 Hz was used A
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for easier identification of the fast component. Finally, median values per recording were 
computed. 
Computational analysis
All the above analysis is based on visual identification and manual measuring of SERs. This is a 
common strategy in clinical neurophysiological signal analysis, however it carries a risk of 
introducing unwanted bias when subjectively selecting the measured waveform properties of 
interest (see also Palmu et al. (2010)). We therefore wanted to complement our analyses using 
computational approaches in applicable parts of the work.
To this end, we processed all visually identified tactile stimulations (n = 2,324) using custom-
written scripts in the Matlab software. After excluding cases with less than 5 responses per limb, 
or undefined technical errors in the data conversions, we could run the analysis on altogether 
2,087 SERs. The data was read into Matlab from the original EEG signal from (t = -3 seconds to t 
= +1.5 seconds relative to the tactile stimulus (t = 0)) using Laplacian montage as implemented in 
NicOne Reader software without additional filtering, apart from the in-built high-pass function of 
the EEG amplifier. 
We calculated the patient average responses at C3, C4, T3, T4, P3, P4, Cz and Pz channels for 
each stimulus location (RH, LH, RF, LF) per recording. For each recording, we also calculated 
median peak values over all stimuli per each limb and channel. Noise was reduced by smoothing 
with a non-linear median filter, and the maximum amplitude was defined (Figure 1B) from the 
channels identified as maximal response in the visual analysis (for the hand stimuli, we used C3, 
P3, T3, C4, P4, and T4; for the foot stimuli, we used Cz and Pz). 
To computationally estimate the total response magnitude, we used root mean square (RMS) in a 
500 ms time window from 200 ms to 700 ms after stimulus, as presented in Figure 1B. RMS was 
computed for all analysed channels (see above), and median was taken to present response of each 
limb and channel per recording. 
We also studied the time-frequency characteristics of the responses by using wavelet transform. 
We used cwt Matlab function (as it is implemented in MatlabR2016b version) with a Morlet 
wavelet. First, wavelet transform was computed for each single contralateral response (in C3 for 
RH and in C4 for LH) in each infant. Second, we averaged all output wavelet maps for each A
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individual. Finally, we averaged individual wavelet maps across groups of interest (based on post-
menstrual age). 
Statistical analysis
All results were analysed using Microsoft Excel 2010 or IBM SPSS Statistics 23. Since most data 
was not normally distributed, we used nonparametric statistical analyses in most occasions. We 
calculated correlations using Spearman’s rank correlation coefficient (rs), and group comparisons 
using the Mann-Whitney U-test, or the Kruskal-Wallis H-test depending on the number of groups. 
The onset latency difference between cSER and iSER was tested with Student t-test and null 
hypothesis t(latency) = 0 ms.
Group comparisons. We analysed SERs first separately for left and right side, as well as for 
different age groups, followed by pooling when no group differences were observed. The potential 
effects of IVH on SERs were assessed by forming subgroups from the infants found to present 
with various forms of IVH, which may occur on either or both sides. We grouped the cohort based 
on their IVH status on the hemisphere contralateral to the stimulus (Figure 5A). This yielded us 
four groups: 1) no-IVH infants (no known IVH), 2) unilateral non-lesional IVH (infants with IVH 
ipsilateral to the stimulus), 3) unilateral lesional IVH (infants with IVH contralateral to the 
stimulus, i.e. on the side of expected SER), 4) bilateral lesional IVH (infants with bilateral IVH). 
In this part of the study, we pooled all responses from the left and right hemisphere, and we only 
grouped them according to the known structural (IVH) lesion. 
Comparison between manual and computational analyses
For an internal validity check, we compared amplitude measures obtained manually vs 
computationally using custom-scripted routines. These amplitude measures from C3 or C4 
channels were plotted, and we found them to be highly correlated over a high number of 
datapoints (rs = 0.89 (n = 2,087) with p < .001) (see Supporting Information 1A). The absolute 
measures obtained with the automatic algorithm were somewhat smaller due to e.g. data 
smoothing, yet the overall concordance was high enough to allow using them interchangeably.
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Results 
SERs were detected at a high success rate
The tactile stimulus evoked an expected (Hrbek et al., 1973; Milh et al., 2007; Vanhatalo et al., 
2009), consistent, high amplitude and complex response (SER) with a spatial extent over the 
corresponding primary somatosensory cortex (Figure 1). Stimulation of all limbs evoked at least 
one visually detectable SER in each recording in all but one infant (no SER after LF stimulus, no-
IVH group). We also detected relatively often spontaneous activity resembling SERs in the EEGs. 
In fact, bedside experience and careful comparison of video and EEG records suggest that a 
significant proportion of these bursting cortical activity transients are related to either infant’s 
spontaneous movements or some external sensory stimulation (see also Vanhatalo & Kaila 
(2010)).
After hand stimulation (trial n = 1,275), a cSER was visually detectable in 95% of trials (see 
Figure 2A) with maximum amplitude at the contralateral C channel (60%) or less often at the 
contralateral T or P channel (35% and 5%, respectively). The maximum cSER amplitude location 
differed not only between different recordings, but also, to a lesser degree, between individual 
stimuli during the same recording. After foot stimulation (trial n = 1,049), a SER was visually 
detectable in 83% of trials, with maximum amplitude at Cz (84%) or Pz (16%), consistent with the 
lower extremity somatosensory representation area. 
In addition to the cSER, the stimuli applied to the hands evoked a SER with a comparable 
waveform on the ipsilateral hemisphere (iSER) in approximately 45% of the trials showing cSERs 
(Figure 1C and 2A). An iSER never occurred without a cSER. The majority (70%) of iSERs had 
highest amplitude at the temporal (T3 or T4) electrode (Figure 2A). However, both the cSERs and 
iSERs after hand stimulation were regularly seen at more than one electrode location, while the 
SER after foot stimulation was more focal at channel Cz.
Stimulus side or preceding brain activity did not affect SER magnitude
There were no systematic differences between the SERs elicited by right vs left side stimulus 
(mean amplitude, length, RMS) in the no-IVH group. The SERs were, however, of clearly higher 
amplitude after hand than foot stimulation (U = 62.000 (n = 56), p < .001, Table 1), whereas SER 
length did not differ between hand and foot stimulations.  A
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Also the automated computational analysis showed that the magnitude (RMS) of the responses 
was significantly larger after hand (C3/C4) than foot stimuli (Cz; U = 180.000 (n = 53), p = .002).
Comparison of the preceding spontaneous brain activity and the subsequent SERs showed that the 
power of EEG activity during one second preceding stimuli was not related to the response power 
of the SERs (Supporting Information 2).
cSER magnitude decreases with age
Correlation analysis including only infants of the no-IVH group showed that the maximum cSER 
amplitude after hand stimulus decreased with age (Figure 3A) (rs = −0.370 (n = 28), p = .053), 
whereas no apparent change was seen in SER amplitudes associated with foot stimuli (rs = −0.144 
(n = 28), p = .465). The duration of SERs increased with age for both hand and foot stimuli (hand: 
rs = 0.601 (n = 28), p = .001, foot: rs = 0.368 (n = 28), p = .054).
These findings were supported by the computational analysis, which indicated a significant 
decrease in RMS with age at the contralateral C channel after hand stimulation (Figure 3A) (rs = 
−0.471 (n = 27), p = .013), but no developmental change was seen in the RMS of response to foot 
stimuli (Cz-channel: rs = −0.168 (n = 26), p = .412). 
Oscillatory activities show differential development 
Visual inspection of the oscillations nested in the SERs suggested that there might be 
developmental changes over the age range of our cohort. However, the manually measured 
maximum peak power of the relatively wide 8-20 Hz frequency band showed no systematic 
change with age, probably due to high interindividual variability (no-IVH group: hand: 2.7 ± 1.8 
V2; foot: 1.0 ± 1.2 V2) (Figure 3A). 
The frequency spectra of individual SERs suggested that the SER-related oscillations were 
multifrequency phenomena (Tolonen et al., 2007; Tokariev et al., 2012) where changes may not 
be captured by the peak power. Therefore, we performed a more thorough time-frequency analysis 
and found marked developmental changes in the magnitudes of wavelet transform of the 
oscillations nested on SERs at contralateral C channels (examples shown in Figure 3B). 
Comparison of three different age groups showed that the peak of higher frequency oscillations 
(10-20 Hz) is at the middle of the studied age range, near ~30 weeks of post-menstrual age, while 
the amplitude of lower frequency oscillations (5-10 Hz) increased over development (Figure 3B). 
There was also a temporal difference, with lower frequency oscillations appearing earlier than the A
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higher frequency oscillations (Figure 3B). Plotting the time-collapsed amplitudes of different 
conventional frequency bands (theta 5-8 Hz; alpha 8-13 Hz; beta 13-20 Hz) against post-menstrual 
age showed overall increasing trends (Figure 3C); however, closer inspection of the scatter plots 
also suggest that the lowest and highest age groups are characterized by lower amplitudes.
iSER amplitude shows less developmental change than cSER
As the ipsilateral responses were detected so frequently, we wanted to compare the characteristics 
of ipsilateral and contralateral responses in more detail to determine whether ipsilateral response is 
a developmentally transient phenomenon. Manual measures of SERs in the no-IVH group showed 
that when both responses were present, ipsilateral responses were generally lower in amplitude 
(ipsi:contra ratio 0.77 ± 0.21) (Figure 2B). On average, the iSER amplitude (80 ± 30 V) was 
lower than the cSER amplitude (97 ± 26 V) (U = 234.500 (n = 56), p = .010). There was, 
however, a significant developmental decrease in response asymmetry as the cSER amplitudes 
decreased more rapidly with age (see above) compared with the iSER amplitude, which showed 
only a weaker developmental trend (no-IVH: rs = -0.267 (n = 28), p = .085, all: rs = -0.267 (n = 
50), p = .061); i.e. iSER and cSER amplitudes became more alike with advancing age (Figure 2B). 
Computational analysis with RMS even showed an age-related increase in the magnitude of iSERs 
over the temporal areas (T3/T4) (RH (T4):  rs = 0.457 (n = 41), p = .003, LH (T3): rs = 0.407 (n = 
40), p = .009), however central locations (C3/C4 channels) showed no correlation with age (Figure 
2C, middle). 
The iSER onset was delayed compared to the cSER onset
Comparing timing of different response components indicated a significant delay of iSER 
compared to the cSER. Both the onset of the iSER slow wave (63 ± 48 ms at the C channels (n = 
10), p = .003, and 37 ± 27 ms at the maximum response channel (n = 10), p = .002) and the onset 
of the iSER fast component (C-channels: 53 ± 34 ms (n = 10), p = .001; T-channels: 46 ± 40 ms (n 
= 9), p = .009; max amplitude channel: 41 ± 34 ms (n = 10), p = .004) were delayed compared to 
the cSER. 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved
IVH did not cause significant asymmetries in SER magnitude 
The overall shape of SER in the infants with (IVH) and without IVH (no-IVH) (Figure 4B) 
appeared to be visually and statistically comparable. No significant differences were found in the 
amplitudes, RMS measures or topographic SER distributions between infants with and without 
IVH (all IVH cases pooled together) (Figure 3A). As there was high interindividual variability of 
response amplitudes, RMS and absolute power in the eleven infants diagnosed with IVH 
(particularly in the early phases after IVH, i.e. post-menstrual age < 30 weeks (Figure 4A)), we 
wanted to examine whether laterality and extent of IVH affected the SER.
We compared SERs in hemispheres affected by IVH (‘lesional’ and ‘unilateral lesional’) to SERs 
in hemispheres contralateral to the unilateral IVH (‘non-lesional’) and to no-IVH SERs. Figures 
4A and 5B display the detailed results and statistics. Whereas there were initially (post-menstrual 
age < 30 weeks age group) no significant differences between the groups in the amplitude or the 
RMS of the cSER to hand stimuli or the SER to foot stimuli, there was a change a few weeks later 
(post-menstrual age > 30 weeks). After hand stimulus, the cSER amplitudes and RMS at post-
menstrual age > 30 were smaller in the non-lesional group compared to the no-IVH group (Figure 
4A). After foot stimulus the amplitude (Figure 5B) and the RMS were smaller in the unilateral 
IVH group on both the non-lesional (RMS: U = 9.000 (n = 22), p =.022) and lesional hemisphere 
(RMS: U = 14.000 (n = 22), p = .061) when compared to the no-IVH group. There were, however, 
no differences between the hemispheres in infants with unilateral IVH, or between infants with 
bilateral lesion and the no-IVH group.
Spectral analysis of different frequency components within cSER showed no differences between 
IVH and no-IVH infants in the younger age group (< 30 weeks). However, at post-menstrual age > 
30 weeks the non-lesional group showed a reduced power at 5-10 Hz and 10-15 Hz frequency 
bands compared to the no-IVH infants (5-10 and 10-15 Hz: U=12.000 (n = 23), p=.035, 15-20 Hz: 
U =14.000 (n = 23), p =.052). Again, the group with bilateral lesions did not differ from the no-
IVH group at any frequency band. 
IVH may affect the occurrence of iSER
Finally, we wanted to assess whether IVH affects iSERs. In the older age group (> 30 weeks), the 
infants with bilateral lesion showed lower incidence of iSERs compared to the no-IVH group 
(29% vs 55%; U=15.000 (n = 25), p= .008), whereas no such difference existed at post-menstrual 
age < 30 weeks (bilateral IVH 44% vs no-IVH 38%). The average rate of bilateral responses A
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decreased with age in the infants with bilateral IVH (from 44% to 29%), while the occurrence of 
iSER increased somewhat in the group of no-IVH infants (from 38% to 55%, rs = 0.320 (n = 28), p 
= .097). In infants with unilateral IVH, the likelihood of bilateral SERs increased modestly with 
development when stimulus was applied to the hand ipsilateral to the lesion (from 39% to 50%), 
but stayed relatively stable when the stimulus was applied on the hand contralateral to the lesion 
(from 39% to 41%). However, the difference between the lesional and non-lesional hemispheres 
was not significant.  IVH did not affect the maximum amplitude of iSER.
Discussion
Our systematic characterization of SER development in a cohort of human preterm infants shows 
that SERs can be readily measured and identified from individual trials at bedside, and they show 
a predictable developmental change during the preterm period. We further show that an IVH may 
affect the development of SERs with a several weeks delay. The findings are in line with animal 
experiments (Khazipov et al., 2004; Minlebaev et al., 2007; Luhmann & Khazipov, 2018), as well 
as the previous small cohorts showing the SER phenomenon in human neonates (Milh et al., 2007; 
Vanhatalo et al., 2009). Our work extends this prior knowledge by describing SERs in a much 
larger cohort. To the best of our knowledge, this work is also the first to disclose a novel 
mechanism by which frequently encountered structural lesion may become embedded in the later 
development of the somatosensory system. There are several methodological points that enabled 
us to detect SERs from single trials with such a high success rate. Prior work has suggested that 
the occurrence and magnitude of SERs in the immature cortex are affected by the preceding and/or 
simultaneous cortical activity (Khazipov et al., 2004 ; Milh et al., 2007), and a long refractory 
period of the infant responses is thought to underlie possible failure or modification in sensory 
responses when using too short interstimulus intervals (Verley, 1977; Gibson et al., 1992; Araki et 
al., 1999; Vanhatalo & Lauronen, 2006). In order to ensure a higher SER occurrence, we used 
adaptive interstimulus intervals up to several seconds and intended to give the stimuli at periods 
with minimal EEG background activity. These factors may explain why our computational 
comparison could not confirm a relationship between SERs and the preceding cortical activity. 
Furthermore, this apparent discrepancy with prior knowledge from animal studies may result from 
analytical factors in how the pre-stimulus activity is measured. Prior studies have used visual 
observations which may be more focused on specific EEG components (e.g. bursting activity), 
whereas our automated quantitative measures are by and large ignorant of the underlying A
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physiological mechanisms. Further studies are needed to systematically characterize the effects of 
interstimulus interval and prestimulus activity on the slowest ‘carrier wave’ component of the 
SER. In clinical settings, the success rate and reliability of SERs can be improved by using long 
enough (seconds) interstimulus interval and selecting SERs with only limited background activity 
(see also Stjerna et al. (2012).
Origin of preterm SERs 
The SERs to hand and foot stimuli showed an expected scalp topography that roughly 
corresponded to the respective areas of the somatosensory cortex. In accordance with the previous 
literature, the SERs were very large, consisting of a slow wave and an overlying oscillatory 
component (Hrbek et al., 1973; Milh et al., 2007; Vanhatalo et al., 2009; Vanhatalo & Lauronen, 
2006). The corresponding cortical reaction in the rodent models is often called spinde burst 
(reviewed in Luhmann & Khazipov (2018)). Prior experimental work on rodent models has 
indicated a key role of subplate in SER generation, and changes in subplate-cortical interaction 
likely reflect on the developmental characteristics of SERs (Luhmann & Khazipov, 2018; 
Luhmann et al., 2018). For instance, subplate ablation will abolish both endogenous and sensory 
evoked spindle burst activity (Tolner et al., 2012), and subplate neurons are reactive to sensory 
stimuli before other the reaction becomes visible in cortical neurons (Wess et al., 2017). Subplate 
neuronal networks provide hence a relay between thalamus and cortex, and the subplate neurons 
allow coordination of cortical network ensambles, which is believed to provide key guidance for 
early cortical organization (Luhmann et al., 2018). Our time frequency-analysis indicated 
differential development of higher and lower frequency oscillations at around the time when the 
main invasion of thalamo-cortical innervation is known to take place in the human (Kostovic & 
Judas, 2010; Molnar et al., 2019). It is easy to envision that the observed changes, a 
developmental decline in higher frequency and an increase in lower frequency, may reflect the 
changing subplate-cortex interaction (Kostovic & Judas, 2010) which is well characterized in the 
rodent models (Luhmann & Khazipov, 2018). There is a translational bottleneck, however, coming 
from the different oscillatory frequency ranges. The oscillations in the rodent models are typically 
at much higher frequencies compared to the human infant recordings. Some of the difference may 
arise from the very different recording conditions. All human research is based on scalp EEG, 
while most of animal experiments use intraparenchymal microelectrodes or fluorometric dies to A
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observe activities in larger neuronal ensambles in vitro and in vivo. It is well known that higher 
frequency activities attenuate in scalp EEG recorings due to spatial smearing (a.k.a.volume 
conduction), however the exact animal model equivalents to our present human work remain to be 
shown from comparable non-invasive animal recordings.
Ipsilateral response
In addition to the contralateral SER to hand stimulation, we also detected a systematic albeit 
smaller ipsilateral response (iSER), confirming the prior work of Hrbek et al., 1973. Our extensive 
theoretical and empiric studies on newborn EEG signals (Odabaee et al., 2013; Odabaee et al., 
2014; Gargiulo et al., 2015; Tokariev et al., 2016a), including works on conventional evoked 
potentials (Nevalainen et al., 2017) in term infants, have shown that newborn scalp EEG signal is 
spatially very specific. Hence, the present results cannot be explained by spatial smearing of 
cortical signals akin to what is commonly seen in the adult scalp EEG studies. In other words, the 
present findings of cSER and iSER indicate that preterm cortex exhibits a genuinely bilateral 
response.
Our findings show a delay of iSER compared to cSER, which supports the assumption that iSER 
is triggered by contralateral hemisphere via interhemispheric relays rather than by a direct 
ipsilateral thalamo-cortical connection. While there is no data showing direct thalamocortical 
ipsilateral responses, a recent experimental work suggests that ipsilateral responses exist in the 
primary somatosensory cortex in a rodent model where they appear to be under callosally 
mediated control from the contralateral hemisphere (Marcano-Reik & Blumberg, 2008). A spatial 
spread of early SERs is well documented in the experimental models, where cortical responses 
(a.k.a. spindle burst in rodents) are shown to occur via networks both within the subplate and 
cortex proper (Tolner et al., 2012; Inacio et al., 2016; McVea et al., 2016; Luhmann & Khazipov, 
2018). 
Recent experimental findings have demonstrated distinct developmental changes in the cortical 
processing of afferent information (Bernhard et al., 1967; Luhmann & Khazipov, 2018), while 
prior human work has suggested significant developmental changes in the early responses of 
multiple sensory modalities (Ellingson, 1960; Ellingson, 1964; Hrbek & Mareš, 1964; Hrbek et 
al., 1973; Kaminska et al., 2018; Whitehead et al., 2019). In our study, we observed an expected 
decline in cSER amplitudes, however we also found a perhaps unexpected lack of comparable A
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change in the iSERs. The early life responses are shown in the primary somatosensory cortex in 
both hemispheres (Marcano-Reik & Blumberg, 2008), while ipsilateral responses in adults 
primarily originate in the secondary or higher somatosensory cortices (Del Vecchio et al., 2018). 
These findings together are compatible with the idea that the prominent ipsilateral responses in the 
preterm primary sensory cortices are a developmentally transient phenomenon during the period 
when organization of the sensory-motor cortical networks is guided by sensory input (Inacio et al., 
2016). The immature, bursting-type sensory responses akin to SERs are known to arise from a 
complex network involving subplate-cortex structures, they disappear after the age comparable to 
human neonatal period (Chipaux et al., 2013; Kaminska et al., 2018; Luhmann & Khazipov, 2018) 
and they will be replaced by the adult-like intracortical responses (for a schematic drawing, see 
Vanhatalo & Lauronen (2006). Hence, though we cannot pinpoint the exact cortical area 
generating the prominent iSERs observed in our study, we suggest that they represent organization 
of the bilateral sensory-motor cortical networks, a phenomenon specific for the preterm period. 
Future studies should assess the evolution of these responses beyond the age groups included in 
the present study, to bring further insight to their developmental significance.
Perinatal IVH shows a delayed effect on somatosensory development
Perinatal IVH with associated parenchymal injury may affect the thalamo-cortical somatosensory 
pathways and is a known risk factor for later developing CP, including sensori-motor 
dysfunctions. Hence, we expected to find a robust effect of IVH on the SERs immediately after 
injury. However, we could not see group differences in the first recordings, i.e. with an average 
delay of 3.1 weeks after IVH diagnosis, and the effects only became measurable in recordings 
several weeks the later (average delay 6.2 weeks). Even then, the effects of IVH on SERs were 
surprisingly small (possibly due to mostly low grade IVHs in our cohort), with smaller amplitudes 
in infants with unilateral IVH and a lower iSER occurrence in infants with bilateral IVH. Analysis 
of real human data is by nature challenged by the lack of control of the insults, as well as limited 
numbers of infants available for such studies. Yet, the present findings support an idea that IVH is 
not a transient phenomenon, but it is embedded in the later neurodevelopment (Dell'Anna et al., 
1997; Morales et al., 2011; Vaiserman & Koliada, 2017). 
The slow wave component of the SERs and the faster oscillatory responses are assumed to 
originate from distinct cortical and subplate structures (Luhmann & Khazipov, 2018). In the 
context of explaining injury-related reactions, an important role is assigned to the subplate, which A
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functions as a key relay network, but it is also particularly vulnerable to exogenous challenges. A 
cerebrovascular damage, such as IVH, affecting the subplate could result in impaired development 
of these networks as experimentally shown in animal models (Ghosh et al., 1990;  Kanold et al., 
2003; Tolner et al., 2012). Such effects would not necessarily be instant, but they could become 
apparent after a delay, during which the networks responsible for the given (SER) response re-
organize. Our results imply that at least part of the damage after IVH is not instant but is formed 
gradually during brain development. 
Could tactile SERs add value to conventional SEPs at neonatal intensive care units?
Conventional SEP paradigm assumes that preterm SEPs behave closely akin to the adult 
responses, but the current literature has not shown convincing evidence for much practical utility 
of conventional SEPs at preterm age. Shifting clinical focus from the early N1 components to the 
full SER response could improve their clinical utility since it presumably reflects functions of the 
developmentally transient subplate structure, known for its extreme sensitivity to hypoxia 
(Albrecht et al., 2005). Notably, prior experimental animal work has indicated that this slow SER 
component is sensitive to asphyxia (Meyerson, 1968), supporting together with our findings the 
notion that tactile SERs might offer a clinically useful early bedside measure of sensorimotor 
network function. Such measure is particularly needed for guiding early therapeutic interventions 
(Finch-Edmondson et al., 2019).
To be able to catch the full preterm response, the recording and stimulation paradigms have to 
account for the well-known variability, time scales and longer refractory periods in preterm SERs 
(Vanhatalo & Lauronen, 2006). In addition to the already discussed long interstimulus interval and 
selective stimulation during low voltage EEG activity of quiet sleep, the stimulation type may also 
play a role. Tactile stimuli are both more physiological and easier to perform compared to the 
conventional electrical SEPs, making them readily available at neonatal intensive care unit 
bedside. Visual evaluation of tactile SERs is fast and easy from the raw EEG data even when 
using a limited monitoring setup with fewer electrodes (Vanhatalo et al., 2009). Our results also 
show that visual SER analysis is highly comparable to the computational approach, hence 
supporting visual analysis for common bedside use. The relatively high variability of SERs, 
however, prompts future studies to define its optimal clinical use. For example, studies should 
define whether clinical utility comes from quantified analyses of discrete SER components, or A
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maybe from coarser indicators, such as dichotomic presence/absence of any visually identified 
SER. 
In conclusion, the present work emphasizes the need to search for new neurobiologically based 
and clinically practical methods to better fit the special characteristics of the preterm brain 
function. We show that tactile stimulation of a preterm infant evokes robust cortical responses that 
are both easy to perform and quick to analyse. They offer functional insight to the subplate-cortex 
network, which is unachievable with the current SEP methods based on electrical stimulation of 
the peripheral nerve. 
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Tables 
Table 1. Average response length, maximum amplitude and RMS in the no-IVH group.  
 
 
 
* p < .05, ** p < .01, *** p 
< .001.  
 Hand Foot 
Length, manual [ms] 942 ± 123 1099 ± 181 
Max amplitude, manual [V]*** 97 ± 26 53 ± 15 
RMS, computational [V]** 33 ± 17 19 ± 8.0 
A
cc
ep
te
d 
A
rt
ic
le
ejn_14613_f1.tif
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
ejn_14613_f2.tif
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
ejn_14613_f3.tif
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
ejn_14613_f4.tif
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
ejn_14613_f5.tif
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
